Abstract In January 2016, a robust reversal of the Arctic Oscillation took place associated with a rapid tropospheric warming in the Arctic region; this was followed by the occurrence of a classic sudden stratospheric warming in March. The succession of these two distinct Arctic warming events provides a stimulating opportunity to examine their characteristics in terms of similarities and differences. Historical cases of these two types of Arctic warming were identified and validated based upon tropical linkages with the Madden-Julian Oscillation and El Niño as documented in previous studies. The analysis indicates a recent and seemingly accelerated increase in the tropospheric warming type versus a flat trend in stratospheric warming type. The shorter duration and more rapid transition of tropospheric warming events may connect to the documented increase in midlatitude weather extremes, more so than the route of stratospheric warming type. Forced simulations with an atmospheric general circulation model suggest that the reduced Arctic sea ice contributes to the observed increase in the tropospheric warming events and associated remarkable strengthening of the cold Siberian high manifest in 2016.
Introduction
In January 2016, the Arctic Oscillation (AO) index underwent a drastic phase reversal ( Figure 1a ) with excursions exceeding positive 2 standard deviations (σ) transitioning to negative 2σ within 20 days. Vertical profiles of the polar cap height (PCH) anomalies in Figure 1b , referencing the standardized geopotential height (HGT) averaged north of 65°N [e.g., Kim et al., 2014] , and the Arctic air temperature anomalies from long-term mean (Figure 1c ) both show that the troposphere warmed and expanded rapidly in the first half of January. The upper tropospheric flows transitioned correspondingly from a zonal pattern in December to high-amplitude semistationary waves ( Figure S1 in the supporting information), accompanied by extreme weather events worldwide including severe flooding in the UK and Ireland (early January), Winter Storm Jonas that "rivals biggest East Coast snowstorms on record" [The Weather Channel, 2016] , and a tremendous buildup of the Siberian high (late January; Figure S1 ) leading to record cold spells in Taiwan with unprecedented 84 hyperthermia fatalities and massive agricultural damages [TIME, 2016] . However, operational multimodel ensemble models did not predict the widespread cold temperature anomalies across northern Europe and Eurasia even at zero-month lead ( Figure S2 ), presenting a challenge in medium range and subseasonal prediction. 
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This January 2016 event, referred herein as the rapid tropospheric warming (RTW), is distinct from the well-known sudden stratospheric warming (SSW) that propagates downward [Limpasuvan et al., 2004; Butler et al., 2015] , of which a classic example was observed closely following the RTW during March and April (Figure 1 ). It is known that SSW acts as a precursor to AO phase change through downward propagation of the stratospheric polar vortex variation [Baldwin and Dunkerton, 1999; Tripathi et al., 2015] , though this process was not observed in the January RTW. A weakened polar vortex (negative AO) induces more cold air outbreaks [Thompson and Wallace, 1998 ] and cold surges in Asia [Park et al., 2011] , and strong negative AO events produce colder-than-normal winters throughout the Northern Hemisphere [Honda et al., 2009; Cohen et al., 2010; L'Heureux et al., 2010; Park et al., 2011; Kug et al., 2015] . Since AO can be amplified by sea ice fluctuations [Wang and Ikeda, 2000; Rigor et al., 2002; Overland and Wang, 2005] , the 2016 RTW and SSW events did coincide alongside record warmth and low sea ice concentration (SIC) in the Arctic that lasted through spring [Overland and Wang, 2016] . The effect of Arctic warming and sea ice loss on the change in midlatitude weather extremes has been an area of active research as was reviewed by Overland et al.
[2016], Screen [2017] , and Cohen et al. [2014] . To understand the differences and the long-term changes between SSW and the reported RTW, we decided to examine their characteristics in terms of similarities and differences by using reanalysis data and a global climate model.
Data and Model Experiments
Daily variables derived from the National Centers for Environmental Prediction (NCEP)/Department of Energy Reanalysis II (R2) data [Kanamitsu et al., 2002] and the NCEP/National Center for Atmospheric Research Reanalysis data [Kalnay et al., 1996] were used for the analysis of post-1979 and post-1950 atmospheric variations, respectively. The sea surface temperature (SST) data were obtained from the Extended Range SST version 3 and the SIC data from the NOAA Optimum Interpolation SST and Sea Ice version 2 [Reynolds et al., 2007] . The AO index was obtained from the NOAA Climate Prediction Center.
We conducted atmospheric general circulation experiments by using the European Centre Hamburg Atmosphere Model version 5 (ECHAM5) [Roeckner et al., 2003] , with T42 horizontal resolution and 31 vertical sigma levels. All simulations used initial and boundary conditions from the R2 reanalysis. Following the model setup described in Lee et al. [2015] , the control simulation was driven by the observed climatological monthly SST and SIC (over the 1998-2010 period) while two experiments were performed. One set of simulations denoted as the SST experiment combined monthly varying SST (differing for every month and year) with climatological SIC (constant for each month and year). A second set of simulations denoted as the SIC experiment inverts the forcing, with climatological SST combined with monthly varying SIC boundary conditions. Each experiment included 30 member simulations from October to March. Text S1 in the supporting information further describes this model and its simulation setup and discusses its performance with a reference to Saha et al. [2014] .
Analysis and Results
Case Identification and Composite
We first begin with an analysis of the observations to identify historical RTW events. These events require three conditions be met with the following: (1) positive PCH/HGT anomaly north of 65 N only happens in the troposphere (beneath 200 hPa), (2) PCH/HGT anomaly has a magnitude greater than 1.5σ, (3) PCH anomalies in the stratosphere remain neutral to negative, and (4) a corresponding AO phase reversal must be present to reflect the surface climate anomaly; however, the magnitude of AO was not considered. To reduce high-frequency weather signals, a 5 day moving average was applied to the PCH and the AO. Stratospheric warming (positive PCH at 70 hPa and above) must not be present both during the tropospheric warming episode and in the 15 days leading up to it (as was the case in the January 2016 RTW). We used an established definition for the SSW [Limpasuvan et al., 2004; Charlton and Polvani, 2007; Butler et al., 2015] : (1) the 50 hPa PCH with its 5 day running mean reaches an anomaly greater than 1.5σ, (2) this increased PCH then propagates downward below 200 hPa, and (3) the duration of any given event is determined by the timespan between the first appearance of warming in the stratosphere and the last appearance of warming below 200 hPa. The case selection was conducted manually; each identified case is dated in Figure S3 .
To depict the common characteristics within a given AO/RTW episode, we adopted the "index cycle" approach of the AO that aligns the same phase of each oscillation episode, following Tanaka and Tokinaga [2002] and Wang et al. [2014] . The transition from positive to negative status was evenly divided into seven phases: phase 1 designates the maximum AO, and phase 7 represents the minimum AO, each phase comprising 5 days centered on the third day. We then constructed the composites of the vertical PCH profiles, air temperature anomalies, and corresponding AO indices; these are shown in Figure 2 (the 2016 case was removed from the composite for the "leave one out" verification). It was found that the average AO transition in SSW takes an average of 48 days ± 15 days (1σ), more than twice as long than RTW that averaged 19 days (±5 days); these are also shown in Figure 2 . (In Figure 2 and ensuing composite analysis, significance level was computed based on Student's t test.)
Next, the dynamical aspects of RTW and SSW were compared with the previous observations of the tropical intraseasonal variations. One of the documented variation modes that can modulate the Arctic temperature and AO is the Madden-Julian Oscillation (MJO) [L'Heureux and Higgins, 2008; Yoo et al., 2012; Goss et al., 2016] . Figure 3a shows the 250 hPa velocity potential (VP) during the 2016 RTW event, which reveals a zonal wave-1 structure of VP that apparently propagated eastward up to phase 6. Such a wave-1 pattern and its eastward propagating signal are indicative of an MJO, of which a strong event occurred during January 2016 (http:// www.bom.gov.au/climate/mjo/). In the RTW composite (Figure 3b ), the VP propagation is even more pronounced and is phase-consistent with the 2016 case. In the SSW composite (Figure 3c ), the VP pattern is rather disorganized and weak, suggesting minimal MJO influence. The analysis of the 250 hPa streamfunction ( Figure S4 ) outlines the corresponding stationary wave anomalies with the 2016 case, in which a Pacific-North America (PNA) type of teleconnection pattern can be seen.
We further computed the Eliassen-Palm Flux [Edmon et al., 1980] and plotted the zonal-mean eddy momentum component with latitude in Figure 3 , denoted as EPF. A zonally averaged EPF diagnoses the impact of transient eddies on the time mean flow and, in turn, delineates the large-scale and fast responses in the planetary wave trains that connect between the tropics and the Arctic [Trenberth, 1986] . As shown in Figure 3 (right axis of each panel) by the positive EPF that persisted throughout phases 3-7, RTW is more pronouncedly affected by tropical teleconnections; in contrast, positive EPF in SSW only is present in phases 6 and 7. This result is in good agreement with the corresponding streamfunction anomalies in Figure S4 showing a larger amplitude of the midlatitude stationary waves in the RTW composite, as well as the previous studies that identified the MJO influence on heat and moisture fluxes into the Arctic [Yoo et al., 2012; Park et al., 2015] . 
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Disparity in the Trends
Encouraged by the consistency between the composite RTW and the January 2016 case presented in Figure 2 , we proceeded to examine the long-term frequencies of cases beginning in 1953, with a 9 year interval (that allows for equal number of years up to 2016. As shown in Figure 4a , the frequency of RTW underwent a marked increase since the 1990s, more than doubled in the last decade, while the SSW frequency reveals a flat trend. The number of the RTW cases appears to exceed that of the SSW cases in the recent decade (though the exact numbers are likely dependent on the event definition). This marked increase in RTW may signify the emergence of the disproportionate Arctic warming (relative to midlatitudes) from the noise of natural variability since the late 1990s [Serreze et al., 2009] . However, the increase in frequency should not reflect the Arctic warming, since the daily long-term trends of PCH and AO have been removed in the case selection.
To illustrate the frequency changes of RTW and SSW, Figures 4b and 4c show the daily distribution of extreme Arctic temperature anomalies from the 50 hPa level and the 1000-500 hPa average, respectively, during 
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November-March starting in 1979 (using R2, with the daily long-term trend removed). The daily temperature thresholds used for the depiction of extreme warming are indicated in the legend. It is apparent that only the occurrence of tropospheric warming has increased and the cluster of changes has taken place in the beginning of the 21st century.
Impact of External Forcing
The concurrence of the January 2016 RTW event with the strong El Niño led to a speculation concerning the extent to which tropical sea surface temperature anomalies affect the Arctic warming. Previous studies [Ineson and Scaife, 2009; Butler et al., 2014; Johnson and Kosaka, 2016] have identified a stratospheric pathway from which El Niño affects the Arctic circulation and temperature. However, the January 2016 RTW case was not preceded by any stratospheric warming (Figure 1 ) and, as was stated in Overland and Wang [2016] , the 2016 El Niño did not contribute to the AO change. Hence, we show in Figures 5a and 5b the differences in the January sea level pressure (SLP) of the SIC experiment and the SST experiment from the control experiment to assess their respective role. The corresponding T anomalies are shown in Figure S5 . The SLP patterns in the two experiments are apparently opposite over Eurasia and Siberia, where the impact from SIC anomalies in the Barents-Kara (B-K) Seas is known to be pronounced [Inoue et al., 2012; Park et al., 2015] . Compared with the 2016 anomaly (Figure 5c ), the SIC experiment produced a similar SLP pattern in Eurasia and Siberia, while the SST experiment captured the classic Pacific-North America (PNA) teleconnection. Given the short duration of RTW (~20 days), PCH anomalies in the troposphere may reflect synoptic or intraseasonal variability more than a modulation of annular mode by some external forcings [Löptien and Ruprecht, 2005] . In the case of January 2016, a series of intense North Atlantic storms did contribute to the Arctic warming [Kim et al., 2017] . In terms of air temperature, SIC experiment led to substantial cooling in Siberia, while SST experiment generated a pan-Arctic cooling instead ( Figure S5 ). Additional examination of the intraseasonal variations, shown in Text S2 and Figure S6 in the supporting information, suggests that SIC reduction can amplify intraseasonal variability in the Arctic region.
To more quantitatively describe the pattern difference between SIC and SST experiments, we computed the sliding spatial correlation between the experiments and observed 2016 anomaly, with a circumglobal 180°l ongitude range (from 35°N to 90°N centered at the longitude of x axis). As shown in Figure 5e , the sliding correlations delineate an opposite response from the two experiments, where the SST experiment produced a PNA-like response in the western hemisphere primarily in North America, while the SIC experiment 
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generates a response in the eastern hemisphere encompassing Siberia end Eurasia. The SIC experiment produced the documented connection of the B-K Seas' low sea ice with Siberia's abnormally cold winters [Honda et al., 2009; Petoukhov and Semenov, 2010; Kim et al., 2014] . Moreover, the SIC decline in 2016 apparently led to a high-pressure response over Siberia, and this corresponds to the post-1979 trend in SLP (Figure 5d ), a change that was driven by sea ice loss [Screen and Simmonds, 2013; Vihma, 2014] . However, we did not observe any upward propagation of eddy heat flux into the stratosphere during the January 2016 RTW (not shown). Butler et al. [2014] have indicated that El Niño can increase temperature in high-latitude North America through a tropospheric pathway; here the SST experiment produced a marked Arctic cooling instead ( Figure S5 ). As a further examination, the sliding spatial correlation between the two experiments and the observed SLP trends (Figure 5f ) shows that SLP trends in the Arctic region and Siberia are highly correlated with SLP anomalies in both the SIC experiment and January 2016 anomaly, suggesting that El Niño's effect on the Arctic circulations was largely offset by that of SIC reduction over the eastern hemisphere and Siberia in 2016. 
Conclusions
This study was motivated by the observation of two distinct Arctic warming events occurring in succession during early 2016, one confined in the troposphere with a shorter duration (RTW) and the other being a classic SSW with a longer time span. Given the high-impact consequence of the January 2016 RTW and the challenge it presented to subseasonal prediction ( Figure S2 ), their differences and frequencies were examined. Composite analysis based on PCH and AO criteria was compared with those documented in the 
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literature, including tropical influence, ENSO impact, and SIC effects. Subsequent analysis uncovered distinct trends in the frequencies of RTW and SSW events: whereas the frequency of SSW has not changed in any significant way, the frequency of RTW has increased dramatically and appears to accelerate since the 1990s, surpassing SSW events in the recent decade. Forced experiments using ECHAM5 indicated that the loss of sea ice (as was the case during 2016's record low SIC) can amplify intraseasonal variations in the high-latitude circulations which, according to the literature [Harnack and Crane, 1984; Horel and Mechoso, 1988; Athanasiadis et al., 2014] , can translate to increased atmospheric blocking during winter season and subsequent cold surges. These results are substantial in that RTW and associated fast AO transition involve more pronounced influxes of Rossby wave energy and moisture from the tropics than of SSW; this further suggests an increased risk of cold-season extreme weather events accompanying RTW.
Recent studies have unequivocally indicated that the loss of sea ice profoundly influences temperatures and circulations over the Arctic region which, in turn, modulates the midlatitude extreme weather [Cohen et al., 2014; Jung et al., 2014; Kug et al., 2015] . This study moves one step further by highlighting the existence of, and the increase in, the RTW type of Arctic events that may possess a greater threat in the form of midlatitude extreme weather. Future work requires high-resolution modeling to properly represent regional dynamic processes revealed in the 2016 RTW and SSW cases and predict similar cases beyond weather forecasting timescale.
